Childhood presentations of ataxia, an impairment of balance and coordination caused by damage to or dysfunction of the cerebellum, can often be challenging to diagnose. Presentations tend to be clinically heterogeneous, but key considerations may vary based on the child's age at onset, the course of illness, and subtle differences in phenotype. Systematic investigation is recommended for efficient diagnosis. In this review, we outline common etiologies and describe a comprehensive approach to the evaluation of both acquired and genetic cerebellar ataxia in children.
Balance and coordination problems in children can point to a variety of underlying causes and may involve elements of the central or peripheral nervous system. When unrelated to muscle weakness, this symptom is referred to as ataxia and generally involves disorders affecting the vestibular system, the cerebellum, and/or the peripheral sensory nerves. In this review, we will focus primarily on disorders affecting the cerebellum that result in impairment due to disturbance of the regulatory system that modulates motor commands based on the integration of multimodal sensory input from the environment. 1 This lack of corrective feedback significantly impacts rhythmic and coordinated motor activity, 1 leading to characteristic clinical findings such as an unsteady or wobbling gait, dysmetria, dysarthria, dysphagia, and various abnormalities of eye movement. In slowly progressive cases, children may initially complain of muscle weakness or feelings of dizziness, and a detailed clinical evaluation of coordination should always be performed as part of a comprehensive neurological examination to ensure that cerebellar function is normal.
The causes of cerebellar ataxia are myriad [2] [3] [4] [5] [6] [7] and can be divided into 3 categories: acquired, hereditary, and idiopathic. For the purposes of this discussion, we will focus on the acquired and hereditary causes. Specific historical or clinical features can direct physicians in their evaluation, 6 and a thorough history of illness and clinical examination is extremely important. Subsequent work-up should be tailored toward the most likely etiologies, with the caveat that acquired causes must always be preeminent in the clinician's mind, as early detection and treatment will maximize good outcomes. If cerebellar damage is allowed to proceed unchecked, the outcome may be devastating for the child, with significant residual neurological deficits over his or her lifetime. In this article, we discuss the various causes of cerebellar ataxia and suggest ways to efficiently maximize their evaluation and diagnosis.
Acquired Causes of Cerebellar Ataxia in Children
A wide variety of disorders can lead to clinical ataxia, and virtually the entire categorical spectrum of medical disease must be considered to some degree. [2] [3] [4] [5] [6] [7] Tempo of illness ( Figure 1 ) can be useful in developing a differential diagnosis, highlighting different etiologies showing congenital, acute/subacute, and chronic courses, as discussed below. Prompt identification of acquired etiologies in progressive ataxic disorders ( Figure 2 ) is paramount, as corrective treatments may halt the degenerative process and preserve cerebellar functioning. 2 
Congenital Causes
When evaluating a patient for the first time, determining whether a coordination problem is congenital can often be difficult. Although congenital ataxias are static and nonprogressive, children with early-onset progressive ataxia and cerebellar atrophy may be difficult to distinguish, especially when one considers that congenital patients may show cerebellar hypoplasia on magnetic resonance imaging (MRI). 8 Obtaining imaging early in cases of ataxia observed before the age of 5 years provides a baseline that can be helpful in evaluating older children for progression of any observed cerebellar atrophy. Historical information is also extremely valuable, as congenital patients frequently come to attention around the time of ambulation, but symptoms may have been present earlier. Conversely, subtle congenital cases can often be overlooked, particularly in new parents who may interpret mild gait or hand ataxia as normal in a toddler. Descriptions of play activity, feeding behavior, and so on may help identify clues to the initial appearance of ataxia findings. As video technology has become a more widely available feature on basic cameras and cellular phones, many families can provide brief videos of children at different time points for objective clinical assessment in the normal home environment.
Additional acquired causes of congenital ataxia can include secondary damage from neonatal hypoxic-ischemic encephalopathy or intrauterine strokes. 8 Posterior fossa malformations, such as Dandy-Walker syndrome, or cerebellar dysgenesis can also be responsible 9,10 but can often be identified by MRI.
Cerebral palsy is also a consideration, but such a diagnosis must be well documented, as it can often be a common mislabel applied to patients with other early-onset forms of ataxia, such as genetic disease. 11 This illustrates an important point when initially assessing older children or adults with ataxia who carry congenital diagnoses such as cerebral palsy: Does the diagnosis remain well supported over time? In some unfortunate cases, patients with early-onset progressive disease, originally labeled as congenital, may not be re-evaluated until much later in life, as their diagnosis is passed from physician to physician over time ( Figure 3 ).
Acute Causes
In children with an abrupt onset of cerebellar ataxia, various causes must be considered. 12 Trauma, intoxication, infection, and stroke are 4 areas of particular concern, owing to their serious nature and potential complications. Evaluation by neuroimaging can be helpful in determining a diagnosis, and in general, MRI is the modality of choice, given the increased detail of the posterior fossa it provides. 12 Ataxia can be a common finding after concussion but warrants detailed evaluation when occurring immediately after trauma. 13 Neck trauma should also be noted, 12 as posterior circulation strokes in children are typically due to vertebral artery dissection. 14 Intoxication is common as well, particularly in adolescents who ingest substances for recreational purposes (eg, prescription or illicit drugs, alcohol, organic solvents, etc). 12 In younger children, accidental ingestion (eg, anticonvulsants, benzodiazepines, etc) must also be considered. 12 Mental status changes are often associated, 12 and diagnostic evaluation should include urine and blood toxicology screening as well as tests for common medications that cause ataxia.
Postinfectious etiologies can lead to cerebellar dysfunction, presumably through autoimmune-mediated inflammatory cerebellitis. 12, 15 Viral causes (eg, enterovirus, Epstein-Barr, hepatitis A, herpes simplex, influenza, measles, mumps, parvovirus B19, varicella) are most common, but bacterial cases do occur as well (eg, legionella or mycoplasma). 12, 15 In general, this symptom is self-limiting and resolves, 12 but patients should be monitored for sequelae requiring symptomatic treatment, and some patients do retain permanent deficits.
Subacute and Chronic Causes
Important categories of disease represented in patients presenting with subacute or chronic disease include nutritional and endocrine disorders, inflammatory or autoimmune disease, infections, and neoplastic/paraneoplastic disease. Nutritional causes can include various deficiencies (eg, vitamin B12, vitamin E, folate, copper, etc), 2,3,5 and these should be screened for thoroughly, particularly in patients with restricted diets or malnutrition. Diabetes is a common cause of ataxia in adults, often due to sensory neuropathy, 2,3,5 and consideration in children is important as well, both because of the effects on the peripheral nervous system and the observation that some genetic ataxias (most notably Friedreich ataxia 16 ) can be associated with the disease.
Autoimmune disease is likely underdiagnosed in adults with clinical ataxia, but there is limited literature on the association with ataxia in children. This should be screened for using a test for antinuclear antibodies, at a minimum, particularly if there are overt systemic findings consistent with autoimmune disease. The observation that mild elevations can be normal in some children is an important caveat. 17 The observance of other autoantibodies associated with cerebellar ataxia (eg, antithyroid, antigliadin, anti-glutamic acid decarboxylase, etc), although not well documented in children with ataxia, 18 should warrant further investigation if observed. [2] [3] [4] [5] While the precise role of these antibodies in ataxia is unclear, their detection may be relevant to the diagnostic work-up should all other testing prove to be unremarkable. Evaluation and treatment of diseases typically associated with these antibodies are generally the initial course of management, but in cases with isolated antibodies and progressive ataxia, an empirical course of steroids or other treatments could be considered if not otherwise contraindicated ( Figure 3 ). 19 Neoplastic and paraneoplastic conditions can occur in cases with slowly developing cerebellar ataxia with or without additional neurological features. Posterior fossa tumors are common tumors in children, often featuring ataxia, and early recognition and diagnosis are important for treatment. 20 In patients under 3 years, the opsoclonus-myoclonus ataxia syndrome is important to recognize, as it is often associated with neuroblastoma. 20 Other cancers can also be associated with childhood ataxia, 12 but leukemia is notable, as children with ataxia telangiectasia are at a significantly increased risk for developing this disease. 21 
Genetic Causes of Cerebellar Ataxia in Children Genetic Ataxias
In adults, genetic ataxias are often best thought of as diagnoses of exclusion because, with the exception of ongoing clinical trials, there are no established therapies to treat the disorders. 2, 3, 5, 7, 22, 23 In contrast, a few rare childhood-onset genetic ataxias have established treatments that can, in some cases, arrest or slow the disease course if identified and treated early. 2, 23 It is therefore important for the physician to recognize these cases so therapy can begin. Unfortunately, for the majority of genetic ataxias, including the most common, established treatments are still lacking, so screening must follow or be coupled with an evaluation for acquired causes to ensure that treatable etiologies have been excluded. 2 Symptomatic therapies are otherwise the mainstay of treatment, but physical therapy, in particular, can be quite effective in restoration and maintenance of function, even in progressive disease. 2, 24, 25 Prior to testing, all patients suspected of having a genetic disease require genetic counseling and consideration for referral to a genetics or neurogenetics specialist if there is diagnostic confusion. The use of genetic panels to evaluate large numbers of genes is, in general, not recommended because of high cost and poor diagnostic efficiency. 2, 22 This disparity will likely further widen as more genes are added to such panels. 26 
Autosomal Recessive Ataxias
Diseases showing an autosomal recessive pattern of inheritance are the most common class of genetic ataxia seen in children, with typical onset before the age of 20 years. 2, 23 Milder variants of these disorders can present in adulthood, so they remain a consideration in older individuals as well. 2, 23 Incidence is approximately 4 cases per 100 000 persons worldwide. 2, 23 Although family history is often absent, the presence of multiple affected siblings and/or consanguinity can suggest this form of inheritance. 27 Clinically, autosomal recessive genetic ataxias typically develop slowly as progressive and symmetrical gait and limb ataxia, often associated with sensory or sensorimotor polyneuropathy. 2, 23 Involvement of other organ systems outside the central nervous system can often be seen as well and can be useful diagnostically. 2, 23 Classification of autosomal recessive genetic ataxias is particularly challenging. Many schemes classify these conditions based upon the involved gene or the molecular mechanism of pathogenesis, 5, 7 which, although helpful in grouping disorders for research purposes, is less helpful clinically. We previously have developed a clinically based classification scheme 23 but, since its development, have observed that, as new disorders are rapidly being discovered, certain categories have become overbalanced and less useful to the clinician. The same has been observed for clinical schemes involving autosomal dominant ataxias. 22, 28 We currently use a scheme defining age of onset as an initial classifier coupled with key phenotypic features ( Table 1) and have found this to be useful. As mentioned above, however, onset can vary among these conditions (eg, virtually all childhood-onset genetic ataxias have been found as rare adult-onset forms), but disorders with a typical adult age of onset are considered elsewhere. 2 Evaluation by a geneticist or neurogeneticist with experience in cerebellar ataxia should be considered in cases where diagnosis proves elusive. 
Membrane trafficking
Psychomotor retardation
Year identified refers to initial publication linking disease and gene in a search of the PubMed database. Listed protein functions are based on available literature and are presumptive in some cases. The key clinical features listed are suggested to aid in differential diagnosis and are not meant to represent all clinical features associated with the disease.
Class I: Friedreich Ataxia
Friedreich ataxia is the most common autosomal recessive cerebellar ataxia and the most common hereditary ataxia overall, comprising nearly 50% of all recessive ataxias. 2, 16, 23 Because it is much more common than all other autosomal recessive forms and can exhibit multiple variant presentations, 2, 16, 23 we recommend screening all patients suspected of having autosomal recessive cerebellar ataxia for this disorder prior to any other genetic testing ( Figure  2 ). Typical cases are characterized by gait and limb ataxia, neuropathy affecting the posterior columns, areflexia, pyramidal weakness of the lower extremities, and upgoing toes. 2, 16, 23 Associated conditions include pes cavus, scoliosis (70%), diabetes (10%), and cardiomyopathy. 2, 16, 23 Magnetic resonance imaging often shows a normal cerebellum early in the course but a thin cervical spinal cord. 2, 23 Cerebellar atrophy can be seen late. 29 The disease is caused by intronic GAA repeat expansion in the frataxin gene, leading to reduced gene expression and impaired mitochondrial iron metabolism (Table 1) . 2, 16, 23, 30 The disease can be quite disabling, with many patients wheelchair bound by 15 years after diagnosis. 16 
Class II: Early-Onset Ataxia
This class of recessive disorders is characterized by onset before the age of 5 years. In patients seen early in the course of the disease, it may be difficult to determine whether the disease is congenital unless progression has been clearly observed (eg, normal walking was attained and then subsequently became ataxic). Patients with disorders in this group are the most likely to carry a mislabeled diagnosis (eg, cerebral palsy, cerebellar hypoplasia, etc) when seen later in life ( Figure 3) . The most common member of the class is ataxia telangiectasia, caused by mutations of the ATM gene, which encodes a serine/threonine kinase involved in DNA damage repair (Table 1) . 2, 21, 23 This is likely the second most common autosomal recessive ataxia in most populations. 21, 29 In addition to gait and limb ataxia, key clinical features include oculomotor apraxia and oculocutaneous telangiectasias. 2, 21, 23 Diagnosis can be aided by increased radiosensitivity, usually performed with cell lines derived from the blood or skin, and elevation of a-fetoprotein in the blood. 2, 21, 23 Magnetic resonance imaging often shows atrophy of the cerebellum and brain stem, and children are at increased risk for the development of leukemia or lymphoma. 2, 21, 23 Other members of this class are rare but should be tested for, if possible, in patients with clinically appropriate phenotypes ( Table 1 ). In particular, the recently identified peroxinassociated ataxias (and Refsum disease) show abnormalities in levels of very long chain fatty acids, 2, 23, [31] [32] [33] making this a useful biomarker in lieu of genetic testing. This may also be important for management, as dietary modification may be a potential treatment. 32 
Class III: Adolescent-Onset Ataxia
The disorders in this group typically have an average age of onset in early to mid-adolescence, and most symptoms appear before age 20 years. 2, 23 The diseases in this class vary in prevalence worldwide, but one of the more common is autosomal recessive ataxia with oculomotor apraxia type 2 (AOA2), caused by mutation in the senataxin gene, SETX (Table 1) . 2, 23 Clinically, this disease can present similarly to both Friedreich ataxia, with gait ataxia associated with sensorimotor neuropathy, and ataxia telangiectasia, with oculomotor apraxia (in about 50%) and elevated a-fetoprotein. 2, 23 Magnetic resonance imaging shows cerebellar vermian atrophy. 2, 23 Disease is caused by a variety of mutations in the SETX gene, 34, 35 and the gene itself is quite polymorphic, which can challenge the interpretation of genetic testing. 36 Several other members of this category can be identified through biomarker evaluations from blood (Table 2) , including late-onset Tay-Sachs (hexosaminidase A enzyme activity), cerebrotendinous xanthomatosis (cholestanol levels), abetalipoproteinemia (acanthocytes and deficiency in fatsoluble vitamins, including vitamin E), ataxia with vitamin E deficiency, and Refsum disease. Because replacement or dietary therapies can be clinically valuable in many of these cases, 23 biomarker testing is essential in this age group prior to genetic testing. 
Autosomal Dominant Ataxias
Although equally as common as the autosomal recessive diseases, genetic ataxias inherited in an autosomal dominant fashion (the spinocerebellar ataxias) are most often seen in adults aged 20 to 50 years. 2, 3, 22 Because many of these are caused by triplet repeat expansions, extremely large expansions resulting from anticipation can result in onset at a much earlier age. 2, 22, 27 This is most common in children for dentatorubral pallidoluysian atrophy, spinocerebellar ataxia type 2, and spinocerebellar ataxia type 7. 22 In addition, a few of the rarer spinocerebellar ataxias have a typical childhood onset, including spinocerebellar ataxia type 18, spinocerebellar ataxia type 21, spinocerebellar ataxia type 28, and spinocerebellar ataxia type 29. 2 Of these, only spinocerebellar ataxia type 28, caused by a mutation of the AFG3L2 gene, is available for commercial testing. 2 Typically, a family history consistent with a dominant ataxic disorder is present, but in some cases, the affected parent may have only mild symptoms. Consideration may also be appropriate if the child is adopted or a parent has died early. Broad genetic screening for autosomal dominant cerebellar ataxias is not routinely recommended in children or those without a definite family history of disease. 3, 22, 36 Other Genetic Considerations Several leukodystrophies (eg, Krabbe, metachromatic, etc) can present with cerebellar ataxia and should be considered if phenotypically appropriate. 5, 7 Joubert syndrome, X-linked adrenoleukodystrophy, Wilson disease, Niemann-Pick type C, and childhood ataxia with central nervous system hypomyelination/vanishing white matter disease are other considerations in this age group as well. 5, 7 Often, other associated features can direct the clinician toward one of these conditions; for example, some of these disorders have characteristic clinical features (eg, Kayser-Fleischer rings in Wilson disease), neuroimaging hallmarks (eg, the molar tooth sign in Joubert syndrome), or less specific findings, such as the white matter hyperintensities seen in leukodystrophies, that are uncommon in other genetic ataxias.
Discussion
Evaluating the child with ataxia requires a systematic and comprehensive approach so that treatment, if available, can be instituted as expediently as possible. This requires a detailed clinical history, with particular attention to age of onset and family history, and a complete neurological evaluation with a physical examination to assess for other observable systemic features if present. Differential diagnosis often involves the careful consideration of acquired and hereditary conditions, and the work-up requires careful planning to maximize patient and clinical resources. The systematic approach outlined here can help facilitate this evaluation, particularly for acquired causes of childhood cerebellar ataxia; however, tailoring to the situation is necessary, given the uniqueness of each individual patient.
In chronic progressive childhood cerebellar disease, genetic mutations must often be considered. The autosomal recessive genetic ataxias are rapidly expanding in number, particularly in recent years with the implementation of new technologies to enhance genetic sequencing (Table 1 ). 37 Molecularly, as a group, these ataxias result from loss of function in cellular or metabolic pathways crucial to the functioning of cerebellar neurons. 7, 23 Important questions for future research include why, despite such a diversity of molecular functions and expression in many cell types besides neurons, 7,23 the clinical phenotypes exhibited in these disorders are so homogenous and specific to the cerebellum. With most familial ataxia cases worldwide lacking genetic diagnosis, 2 it is likely we will see continued expansion in the numbers of genes implicated in these disorders in the years to come.
